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Hints of lepton flavor violation have been observed by LHCb in the rate of the decay B → Kµ+µ−
relative to that of B → Ke+e−. This can be explained by new scalars and fermions which couple
to standard model particles and contribute to these processes at loop level. We explore a simple
model of this kind, in which one of the new fermions is a dark matter candidate, while the other is
a heavy vector-like quark and the scalar is an inert Higgs doublet. We explore the constraints on
this model from flavor observables, dark matter direct detection, and LHC run II searches, and find
that, while currently viable, this scenario will be directly tested by future experiments.
Introduction. The LHCb experiment has observed
intriguing deficits in R(K) and R(K∗), defined as the
ratio of branching ratios B(K(∗) → µ+µ−)/B(K(∗) →
e+e−) [1, 2]. These “hadronically clean” ratios are free
from theoretical uncertainties in hadronic matrix ele-
ments, which cancel out [3]. In the standard model (SM)
it is expected that R(K(∗)) = 1 [4], while experimentally
deficits of approximately 20% are observed. Although
the significance in either observation K or K(∗) is not
high, model-independent fits to both data, and possibly
including quantities more sensitive to hadronic physics,
including Bs → µ+µ−, Bs → φµ+µ− and the angular ob-
servable P ′5, indicate a higher significance of ∼ 4σ [5–9]
Ref. [10] shows that the best fits and significance do not
change appreciably whether one includes the hadronically
sensitive observables or not, and that it is possible to find
a good fit to the data by including a single dimension-6
operator in the effective Hamiltonian,
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Figure 1. Diagrams leading to (a) b → sµµ, (b) τ → 3µ,
(c) Bs-B¯s mixing and (d) dark matter scattering on quarks.
Arrows on the φ scalars show the flow of SU(2)L quantum
number, presumed to not be carried by S or Ψ.
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with Λ ∼= 31 TeV, which is approximately −0.15 times
the SM contribution at one loop.
The new physics contribution (1) can be obtained from
tree-level exchange of a heavy Z ′ vector boson [11–18] or
leptoquark [19–36], or through loop effects of new parti-
cles. In ref. [37], an exhaustive classification and study
of the simplest loop models was carried out, where it was
shown that one needs either two new scalars and one new
fermion, or two new fermions and one new scalar, to ex-
plain the B decay anomalies. Many possible quantum
numbers of the new particles are possible. Here we note
that these include cases where one of them can be neutral
under the SM gauge interactions, opening the possibility
that it could be dark matter (DM), and thus allowing the
model to explain two observed phenomena requiring new
physics.
We prefer to minimize the number of new scalars so
there is just one, thereby allowing the DM candidate to
be one of the new fermions.1 Fermionic dark matter is
free from relevant Higgs portal couplings, making for a
SU(3) SU(2)L U(1)y U(1)em Z2 L B
Ψ 3 1 +2/3 +2/3 −1 −1 +1/3
S 1 1 0 0 −1 0 0
φ 1 2 −1/2 (0,−1) −1 +1 0
Table I. Quantum numbers of new physics particles, includ-
ing accidental Z2 discrete symmetry that insures stability of
the dark matter S, baryon (B) and lepton (L) number. SM
particles do not transform under the Z2.
1 Ref. [38] focuses on the opposite choice, and observes that the
possible scalar dark matter candidate cannot satisfy direct detec-
tion constraints because of its coupling to Z. Previous attempts
to connect R(K(∗)) to dark matter can be found in refs. [39–46].
In addition, refs. [47, 48] recently studied models similar to ours,
but in which the DM is chosen to be a new scalar. These stud-
ies do not fully consider the impact of the Higgs portal coupling
λ|H|2|φ|2 on the DM relic density and direct detection. In ref.
[49] it was shown that λ tends to dominate over any other new
physics effects. Even if it vanishes at tree level, the one-loop
correction tends to be too large to ignore without fine tuning.
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2more predictive theory in which the dark matter proper-
ties are determined by the same couplings that explain
the flavor anomaly. It will be shown that considerations
of the dark matter relic density and direct detection give
interesting additional restrictions on the model, and that
it is also constrained by existing LHC searches as well
as flavor-changing neutral current processes. The model
therefore has high potential for discovery by a variety of
complementary experimental searches.
Model and low-energy effective theory. We intro-
duce a Majorana fermionic DM particle S, a vectorlike
heavy quark Ψ that carries SM color and hypercharge,
and a scalar φ that is an inert SU(2)L doublet. The
quantum numbers are shown in table I. The only cou-
plings of the new fields to SM particles allowed by gauge
and global symmetries (see table I) are
−L 3 λ˜iQ¯i,aφaΨ + λiS¯φ∗aLai + H.c.
+ λH,1|H|2|φ|2 + λH,2|H†φ|2 (2)
where Q,L are the SM quark and lepton doublets, a is
the SU(2)L index and i is the flavor index. The relevant
interactions at low energy are generated at one loop and
thus require sizable couplings. Since there is no flavor
symmetry, we will see that this model lives in a corner
of parameter space where meson mixing constraints are
nearly saturated. In a more complete model, the global
symmetries could be an accidental consequence of a spon-
taneously broken gauge symmetry under which the new
physics particles are charged.
The Higgs portal couplings λH,i play no important role
in the following; λH,1 gives an overall shift to m
2
φ af-
ter electroweak symmetry breaking, while λH,2 splits the
charged and neutral components of φ by a small amount
(relative to m2φ as constrained by LHC searches). A cou-
pling of the form
λH,3(H
†φ)2 + H.c. (3)
violates lepton number conservation, as can be seen from
the charge assignments in table I. (Notice that S can-
not be assigned lepton number since it is Majorana.) Of
course one expects that L is only an approximate sym-
metry, if neutrinos have Majorana masses, which con-
strains the size of λH,3. In fact this operator could be
the origin of one of the neutrino masses through the
loop diagram shown in fig. 2, with mass matrix δmν,ij ∼
λiλjλH,3mSv
2/(16pi2m2φ) (where v = 246 GeV), which
has a single nonvanishing eigenvalue given by the trace.2
If mν,3 = 0.05 eV for example, λH,3 ∼ 10−9/
∑
i λ
2
i .
To make definite predictions from (2), we must specify
which field bases are referred to. We will assume that for
the leptons and down-type quarks, it is the mass eigen-
basis. This implies that up-type quarks have couplings
2 A more complicated model with two or more flavors of dark mat-
ter would allow for nonsingular mass matrices.
that are rotated by the CKM matrix:
λ˜iQ¯i → λ˜j
(
u¯L,iVij , d¯L,j
)
≡
(
λ˜′iu¯i, λ˜id¯i
)
(4)
The box diagrams relevant for b → s`+`−, `i → 3`j ,
neutral meson mixing and DM scattering on nucleons
are shown in fig. 1.3 Evaluating them we find the ef-
fective dimension-6 operators of the same form as (1)
but different external states. The operator coefficients
are shown in table II, where for simplicity we take
mΨ = mφ = M . Below we will see that M & 1 TeV
to meet LHC constraints, but S can be light since it
is dark matter. The loop functions f1,2 are given by
f1(r) = (3/2)(3r
2 − 2r2 ln(r) − 4r + 1)/(1 − r)3 and
f2(r) = 3(−r2 + 2r ln(r) + 1)/(1 − r)3, normalized such
that f1,2(1) = 1 and f1(0) = 3/2 and f2(0) = 3.
Flavor constraints. To match the observed B
anomalies, we require that λ˜2λ˜
∗
3|λ2|2 ∼= (M/0.88 TeV)2
[10]. Therefore the couplings must be of order unity,
since LHC searches discussed below require M & 1 TeV.
On the other hand, strong Bs mixing constraints, as
determined by the mass splitting between Bs and B¯s,
limit the coefficient of (s¯b)2 in table II to be less than
1/(408 TeV)2 at 95% confidence level (c.l.) [37], giving
the bound |λ˜2λ˜3| . M/(6.6 TeV). Combined with the
previous determination, this demands large λ2,
|λ2| > 2.9 (M/TeV)1/2 . (5)
Analogous bounds arise from K, D and Bd [50, 51] mix-
ing: |λ˜1λ˜2| . M/(345 TeV), |λ˜′1λ˜′2| . M/(110 TeV).
|λ˜1λ˜3| .M/(17 TeV).
As an example, suppose that M = 1 TeV and the
bound on Bs mixing is saturated. We can satisfy all
other constraints with hierarchical quark couplings
|λ˜1| = 0.014, |λ˜2| = 0.14, |λ˜3| = 1.1, |λ2| = 2.9
(6)
If all of the couplings are positive and real, λ˜′1λ˜
′
2 = 0.009,
right at the D mixing 95% c.l. limit. If λ˜1 has the oppo-
site sign to λ˜2,3, λ˜
′
1λ˜
′
2 is smaller,
∼= 0.004.
The hierarchical nature of the quark couplings is pre-
served under renormalization group running, since they
LL x
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S
Figure 2. Loop-induced contribution to light neutrino Majo-
rana mass.
3 The SU(2)L charges of the fields in this theory do not allow it
to contribute to b→ sνν¯ at one loop.
3are multiplicatively renormalized. The one-loop beta
functions take the form [52, 53]
β(λ˜i) ≡ µ d
dµ
λ˜i =
3
16pi2
λ˜i
(
1
2 |λ˜i|2 +
∑
k
|λ˜2k|
)
(7)
For the choice of couplings in (6), this leads to a Lan-
dau pole in λ˜2 at a scale of around 8mφ, indicating the
need for further new physics at such scales. For exam-
ple a spontaneously broken nonabelian gauge symmetry,
such as we already suggested for explaining the global
symmetries of the model, could avert the Landau pole.
It is technically natural to assume the other leptonic
couplings λ1,3 are negligible, since they are generated ra-
diatively only through neutrino mass insertions. How-
ever aesthetically it may seem peculiar to have λ2  λ3.
If λ1,3 6= 0, the box diagrams leads to lepton flavor-
violating decays such as τ → 3µ and µ → 3e. How-
ever because of the Majorana nature of S, there are
crossed box diagrams, shown in fig. 1, that exactly can-
cel the uncrossed ones in the limit where external mo-
menta are neglected in the loop. Their amplitudes then
scale as λ3λ
3
2m
2
τ/m
4
φ and λ2λ
3
1m
2
µ/m
4
φ respectively. Af-
ter comparing them to those of leptonic decays in the
SM, 2
√
2GF (ν¯iγ
µ`i)(¯`jγ
µνj), and imposing the experi-
mental limits on the forbidden decay modes [54] we find
no significant constraints on λ1 or λ3.
Radiative transitions are another flavor-sensitive ob-
servable, as shown in fig. 3. For b → sγ, fig. 3(a) gener-
ates the dipole operator
λ˜∗3λ˜2emb
32pi2
(
qψ
f(R)
m2φ
− qφ f(R
−1)
m2ψ
)
(s¯L/qγ
µbR) (8)
where f(R) = (R3−6R2 +3R+6R lnR+2)/(6(R−1)4),
R = m2Ψ/m
2
φ, q is the photon momentum and f(1) =
1/12. The electric charges qi of Ψ and φ are as in table
I. Due to operator mixing, the chromomagnetic moment
also contributes. Using the results of ref. [37], the Wilson
coefficients for our benchmark model with mφ = mΨ = 1
TeV give C7 + 0.24C8 = −9× 10−3, a factor of 10 below
the current limit on this combination from measurements
of the branching ratio of b→ sγ.
Fig. 3(b) gives a contribution to the anomalous
magnetic moment of the muon of ∆(g − 2)/2 ∼=
−(λ2mµ/
√
96pimφ)
2 ∼= −1 × 10−10, by saturating (5)
operator coefficient operator coefficient
(s¯b)(µ¯µ) 2λ˜2λ˜
∗
3|λ2|2f1(r) (µ¯µ)(µ¯τ) 4λ∗2|λ2|2λ3f2(r)
(s¯b)(s¯b) λ˜22λ˜
∗2
3 (d¯d[u¯u])(S¯S) 2|λ2|2|λ˜[′]1 |2f1(0)
Table II. Effective Hamiltonian dimension 6 operators and
coefficients; (f¯1f2)(f¯3f4) denotes (f¯1Lγ
µf2L)(f¯3Lγµf4L) (with
the exception of (S¯S), which corresponds to 1
2
(S¯γµγ5S)) and
coefficients are in units of 1/(384pi2M2) with mΨ = mφ = M
and loop functions fi given in text. r ≡ m2S/M2.
and taking mφ = 1 TeV. Ultimately this model increases
the tension between the measured and predicted values
of g − 2, but the effect is minimal, 20 times smaller
than the SM discrepancy [54]. A similar diagram with
the photon replaced by the Z leads to a correction of
the coupling of the Z to left-handed muons of the form
δgL/g
SM
L (q
2 = m2Z)
∼= −(λ2mZ/24pimφ)2 ∼= −0.0012%
[37]. This is significantly smaller than the uncertainty
on the most accurate measurements of this coupling by
LEP, gL(m
2
Z) = −0.2689± 0.0011 [55], which has a 0.4%
error at the 1σ level.
If the couplings λ1, λ3 are nonzero, there are contribu-
tions to τ → µγ, τ → eγ, and µ→ eγ, with partial width
δΓ ∼= µ2i,jm3i /8pi [56] where µi,j ∼= eλiλjmi/192pi2m2φ.
Using λ2 = 2.9 and mφ = 1 TeV, the requirement that
the partial width of τ → µγ induced by the new physics
contributions not exceed the measured value requires
|λ3| < 0.8, while µ → eγ leads to the strong limit
|λ1| < 1× 10−3.
Dark matter constraints. The dark matter candi-
date in our model has tree-level annihilation to µµ¯ and
νµν¯µ. The s-wave contribution to the cross section is he-
licity suppressed, so the v2 term dominates [61]. The to-
tal thermally averaged annihilation cross section, count-
ing both final states, either muons or neutrinos, is
〈σvrel〉(x) =
|λ2|4m2S(m4φ +m4S)
4pi (m2φ +m
2
S)
4x
(9)
where x = mS/T . To get the observed relic density [62],
at the freeze-out temperature Tf this should be roughly
equal to the standard value 〈σvrel〉0 ∼= 4.6× 10−26cm3/s
[63] appropriate for p-wave annihilating Majorana dark
matter in the mass range mS & 50 GeV, that we will
see is required by collider constraints. By assuming that
λ2 saturates the inequality (5) so that it is no larger
than needed to satisfy the flavor constraints, the relation
σvrel(xf ) = 〈σvrel〉0 requires
mS = 0.026
√
xf mφ . (10)
This is valid if mφ ≥ mΨ; one can show that (10) is
further reduced by the factor mφ/mΨ if mφ < mΨ.
We verified the previous estimate by numerically solv-
ing the Boltzmann equation with micrOMEGAs 4.3.5
[64]; contours corresponding to the cosmologically pre-
ferred value Ωh2 = 0.1199 [62] are displayed in fig. 4. S
annihilations can lead to indirect signals in gamma rays
and charged cosmic rays, but the p-wave suppression of
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Figure 3. Diagrams leading to (a) b → sγ, (b) τ → µγ,
µ→ eγ or (g − 2)µ, and (c) S anapole moment.
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Figure 4. Excluded regions in the plane of mφ versus mS
from an ATLAS slepton search [57] (green), and the require-
ment that S is the lightest particle so that it can be the DM
(grey). The blue lines correspond to values of mφ and mS
that give the correct relic density for different values of the
ratiomΨ/mφ. λ2 is set everywhere to the minimum value that
allows for explanation of the flavor anomalies while avoiding
Bs mixing constraints.
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Figure 5. The current limit on the anapole moment from LUX
at 90% c.l. [58, 59] and the estimated eventual sensitivity of
the DARWIN experiment [60]. The prediction of our model
for this quantity, based on the need to achieve the correct
relic density and explain the B anomalies, is shown by the
red curve.
the cross section makes the limits from such searches very
weak. Collider limits are far more constraining, notably
ATLAS searches for 2 leptons and missing transverse en-
ergy [57], which exclude the green region in fig. 4.
Because S is a Majorana particle, the box dia-
gram for scattering of S off quarks leads only to
spin-dependent or velocity-suppressed scattering off nu-
cleons. The spin-dependent cross section for DM
scattering off a single nucleon is given by σ =
σ0
(
|λ˜1|2∆(n)d + |λ˜′1|2∆(n)u + |λ˜2|2∆(n)s
)2
, where σ0 =
3µ2n,S |λ2|4/(256pi5/2M2)2 for low-energy scattering (e.g.
[65]). The determination of the ∆
(n)
q parameters is re-
viewed in [66]. For our benchmark model with M = 1
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Figure 6. Processes for production of quark jets, leptons, and
missing energy.
TeV this leads to σ ∼ 10−50 cm2 for scattering off neu-
trons, far below current experimental limits on spin-
dependent scattering from the PICO-60 direct detection
experiment [67].
Had the dark matter been Dirac, diagram (c) of fig. 3
would give both a magnetic moment for the dark mat-
ter µS ∼= e|λ2|2mS/(64pi2m2φ), [approximating mS  mφ
consistently with eq. (10)], and a charge-radius interac-
tion (S¯γµS)∂νF
µν that lead to scattering on protons. Al-
though the former is below current direct detection lim-
its, the latter is far too large, which obliges us to take
S to be Majorana.4 Then there is only an anapole mo-
ment A(S¯γµγ5S) ∂νFµν , which has been computed and
constrained (using 2013 LUX results) for our class of
models in ref. [58]. We rescale their limit on A to re-
flect more recent results from LUX [59], as well as the
projected eventual sensitivity of DARWIN [60], in fig. 5.
The predicted value is also shown, using (5) and (10)
with xf = 22 to eliminate λ2 and mφ in favor of mS . For
the lowest allowed value of mS = 60 GeV (considering
that mφ & 500 GeV from LHC constraints), the limit is
a factor of 22.5 weaker than the prediction, correspond-
ing to a factor of 500 in the cross section. This is below
the reach of the LZ experiment [68], but slightly above
the expected sensitivity of DARWIN, leaving open the
possibility of direct detection.
Collider constraints. The new states φ and Ψ
carry SM quantum numbers, and can therefore be pair-
produced in particle collisions. Fig. 6 shows the main
production modes at a hadron collider and their decays.
The final states necessarily include hard lepton pairs,
since the splitting between mφ and mS must be large,
eq. (10). This also produces missing energy as the de-
cay products inevitably include dark matter SS¯ pairs.
Moreover hadronic jets appear if Ψ is produced, since Ψ
decays into φ plus quarks.
For Drell-Yan production of φ-φ∗ pairs, the signal is
lepton pairs and missing energy, with no jets. (One of the
leptons is a neutrino if qq¯ → W → φ±φ0 occurs). This
4 We thank S. Okawa for pointing out the importance of the charge
radius contribution.
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Figure 7. Shaded regions in the mS-mΨ plane are excluded at
95% c.l. by ATLAS run 2 searches for one (blue) or two (red)
leptons, jets, and missing energy [69, 70]. For each point, mS
and the couplings are set as described in text to satisfy flavor
and DM relic density constraints.
is the same final state as in production of slepton pairs,
so SUSY searches [57] may be applied.5 The excluded
region is shown in fig. 4, constraining mφ & 500 GeV for
all mS for which the relic density can be accommodated.
In diagrams 6(b,c,d), Ψ is produced, which subse-
quently decays to bµ+S or tν¯µS. Such final states have
been searched for by ATLAS in 13.3 fb−1 of
√
s = 13 TeV
data, including events with one or two leptons, jets and
missing transverse momentum [69, 70]. These analy-
ses has been implemented in CheckMATE 2.0.14 [72],
which we used to constrain our model, in conjunction
with FeynRules 2.3 [73] and MadGraph 2.6.0 [71]. 20,000
events per model point were generated for the process
pp → ΨΨ¯ (pp → Ψφ∗ is suppressed by the small cou-
plings of Ψ and φ to first generation quarks, or the parton
distribution function of b or t). The subsequent shower-
ing and hadronisation of the final state partons was mod-
elled with Pythia 8.230 [74] and detector simulation was
done with Delphes 3.4.1 [75].
Fig. 7 shows the resulting 95% c.l. limits on mΨ ver-
sus mS for models which both explain the flavor anoma-
lies and give the correct DM relic density. Here mφ
is set by eq. 10 with xf = 22 and the couplings are
scaled relative to (6) by the factor (M/1 TeV)1/2, where
M = max(mφ,mΨ); this choice keeps all the box di-
agrams approximately constant. At values of mS . 60
GeV, the lowest values that allow for the correct relic den-
sity while avoiding slepton search constraints, the one-
lepton search limits mΨ & 950 GeV, except for a narrow
window with mS just below mφ. The two-lepton search
does not constrain mΨ as strongly but is more sensitive
to larger DM masses.
Conclusions. The indications from LHCb of lepton
flavor universality breaking down are currently our best
hint of physics beyond the standard model from colliders.
These anomalies should be verified within a few years by
further data from LHCb and Belle II [76]. If confirmed,
it is not unreasonable to expect that the relevant new
physics could also shed light on other shortcomings of the
standard model. We have shown how a very economical
model, in which dark matter plays an essential role, could
be the source of R(K(∗)) anomalies, while predicting im-
minent tensions in other flavor observables, notably Bs
mixing. The model may be tested by the next generation
of direct detection searches and can be discovered at the
LHC via searches for leptons, jets and missing energy.
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